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ABSTRACT
Supersonically Induced Gas Objects (SIGOs) primarily form in the early Universe, outside of dark
matter halos due to the presence of a relative stream velocity between baryons and dark matter. These
structures may be the progenitors of globular clusters. Since SIGOs are made out of pristine gas, we
investigate the effect of atomic cooling on their properties. We run a set of four simulations by using
the moving-mesh code arepo, with and without baryon-dark matter relative velocity and with and
without the effects of atomic cooling. We show that SIGO’s density, temperature, and prolateness
are determined by gravitational interactions rather than cooling. The cold gas fraction in SIGOs is
much higher than that of dark matter halos. Specifically, we show that the SIGO’s characteristic low
temperature and extreme high gas density forges a nurturing site for the earliest star formation sites.
Keywords: cosmology: theory – methods: numerical – galaxies: high redshift
1. INTRODUCTION
One of the fundamental tenets of the Lambda cold
dark matter (ΛCDM) cosmology is the hierarchical
buildup of structure in a bottom-up fashion (e.g., Rees &
Ostriker 1977; Silk 1977; White & Rees 1978; Blumen-
thal et al. 1984). Smaller structures collide and build
bigger structures. After inflation, dark matter (DM) in
the Universe started this buildup by clustering gravita-
tionally. However, since baryonic matter and radiation
were tightly coupled, it was not until after the time of
recombination that baryonic overdensities could grow.
After decoupling, the baryons felt the gravitational po-
tential wells of DM overdensities, as well as their own,
and subsequently their overdensities grew.
Corresponding author: Yeou S. Chiou
yschiou@physics.ucla.edu
Tseliakhovich & Hirata (2010) noted that the evolu-
tion during these early times yielded a relative velocity
between the DM and baryons, the so called “stream ve-
locity.” Although a formally second order, the stream
velocity has far-reaching consequences on a wide variety
of cosmological phenomena (e.g., Stacy et al. 2011; Maio
et al. 2011; Greif et al. 2011; Fialkov et al. 2012; Naoz
et al. 2011, 2012; O’Leary & McQuinn 2012; Richardson
et al. 2013; Tanaka & Li 2014). For example, this rela-
tive velocity may have nontrivial effects on the cosmo-
logical 21-cm signal (e.g. Dalal et al. 2010; Visbal et al.
2012; McQuinn & O’Leary 2012; Fialkov & Barkana
2014; Mun˜oz 2019), the formation of primordial black
holes (e.g., Tanaka et al. 2013; Tanaka & Li 2014; Latif
et al. 2014; Hirano et al. 2017; Schauer et al. 2017), and
even for primordial magnetic fields (Naoz et al. 2013).
In particular, it was recently suggested that the
stream velocity can result in a gas-dominated structure
(Naoz & Narayan 2014), and that these Supersonically
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Induced Gas Objects (SIGOs) could be the progenitors
of globular clusters (Naoz & Narayan 2014; Popa et al.
2016; Chiou et al. 2018, 2019). SIGOs arise naturally
as a consequence of the stream velocity effect (Tseli-
akhovich & Hirata 2010). In particular, this relative ve-
locity introduces a phase shift between DM and baryons,
which can lead to baryon overdensity peaks collapsing
outside the virial radius of their parent DM halo (Naoz
& Narayan 2014).
We previously suggested that SIGOs may be a viable
nurturing ground for early star formation (Chiou et al.
2019). Specifically, we used a combination of simula-
tion and semi-analytical modeling to follow the SIGOs
from birth to present day. We showed that present day
SIGOs share characteristics with observed globular clus-
ters. While in Chiou et al. (2019) we studied star for-
mation and the connection between SIGOs and globu-
lar clusters, here we focus specifically on the effect that
atomic cooling has on SIGOs and run detailed compar-
isons between simulations with cooling turned on versus
turned off.
Cooling plays a vital role in the formation of the first
stars in the Universe, the so called Population III (Pop
III) stars (see Wise (2012), Bromm (2013) and refer-
ences within for a review). These stars formed in pris-
tine gaseous clouds that were heated and shocked as they
fell into dark matter minihalos (105 − 107M). These
objects would become pressure supported unless cool-
ing via atomic and molecular hydrogen allowed them to
collapse to such densities that stars could form.
In the context of cosmological simulations, cooling has
been taken into account in a variety of ways with dif-
ferent cooling channels (e.g., Abel et al. 2002; Bromm
& Clarke 2002; Reed et al. 2005; Yoshida et al. 2006;
Stacy et al. 2011; Glover 2013; Vogelsberger et al. 2013;
Xu et al. 2016; Sarmento et al. 2018). The standard as-
sumptions are that hydrogen and helium are in photo-
ionisation equilibrium with a uniform, but time-varying,
UV background and that metals are in collisional ioni-
sation equilibrium.
The first stage of cooling for pristine non-molecular
gas is atomic hydrogen cooling. This cooling channel
is typically more effective for gas with temperatures
> 104 K (e.g., Barkana & Loeb 2001). Once the gas
becomes metal-enriched it can further cool via molecu-
lar cooling. H2 cooling becomes effective for a gas cloud
when the number density reaches above 104 cm−3 and
further allows cooling down to temperatures of 300 K
(Wise 2012). Since we focus on the very first gas struc-
tures, which include pristine gas, we target the atomic
cooling channel.
Recently, Schauer et al. (2019) incorporated the
stream velocity effect between DM and baryons in the
early Universe with an advanced chemistry network. Fo-
cusing on classical DM halos, they showed the minimum
halo mass that allows star formation is significantly in-
creased and that the cooling of gas is suppressed. They
however, did not investigate the effect of cooling on SI-
GOs properties.
In this paper, we investigate the effect of cooling on
SIGO morphology and potential star forming proper-
ties by analyzing the cosmological simulations in Chiou
et al. (2019) with cooling and UVB shielding taken into
account. This paper is organized as follows: in Section
2 we detail the simulations. In Section 3 we describe
how cooling affects the characteristics and morphologi-
cal properties of SIGOs. and we wrap up with a discus-
sion and our conclusions in Section 4.
Throughout this paper, we assume a ΛCDM cosmol-
ogy with ΩΛ = 0.73, Ωm = 0.27, ΩB = 0.044, σ8 = 1.7,
and h = 0.71. All the quantities that we analyze in this
paper are expressed in physical units.
2. SIMULATIONS
2.1. Cooling and non-cooling runs
We perform a suite of cosmological simulations using
the moving-mesh code arepo (Springel 2010). Below
we briefly describe the main aspects of the simulations
and we refer the reader to Chiou et al. (2018) and Chiou
et al. (2019) for a complete overview of the simulations,
with and without cooling, respectively. We employ a
modified version of the cmbfast Seljak & Zaldarriaga
(1996) code to generate the transfer functions used for
the creation of the initial conditions. These transfer
functions take into account the first-order correction of
the scale dependent temperature fluctuations (as shown
in Naoz & Barkana 2005). We note that our simulations
naturally include different transfer functions for the DM
and baryon components, which play an important role
in determining the gas fraction and overdensity growth
rate (e.g., Naoz & Barkana 2007; Naoz et al. 2011, 2013;
Park et al. 2020).
We include radiative cooling with a 2 cMpc3 box size,
with and without stream velocity effects, however, we do
not include explicit star formation or feedback. arepo’s
basic cooling module is composed by a primordial chem-
istry and cooling network of the evolution of species H,
H+, He, He+, He++ and e− in equilibrium with a pho-
toionizing background. The background is assumed to
be spatially constant, but redshift dependent. The gas
cooling and heating rates are calculated as a function
SIGO cooling 3
Name vbc(σvbc) Cooling
v0Cool 0 Yes
v2Cool 2 Yes
v2Uncool 2 No
Table 1. Details of the simulations performed. For all sim-
ulations we have 2 cMpc box, 5123 DM particles, and 5123
gas cells. For this set of parameters we have that the mass
of the DM particle is mDM = 1.9× 103M whereas the mass
of a gas cell is mgas = 360M.
of gas density, temperature,1 and redshift (See Vogels-
berger et al. 2013, and references therein for further
details on the numerical implementation of these pro-
cesses).
As a control, we also ran simulations without cooling,
and with and without stream velocity effects 2. We per-
form a simulation with a stream velocity of 2 σvbc and
one without stream velocity. The stream velocity effect
is implemented as a uniform boost in the x-direction
for the baryons. The box has 5123 DM particles asso-
ciated with a mass resolution of mDM = 1.9 × 103M.
We represent the gas as mesh of 5123 Voronoi cells that
correspond to a particle mass of mgas = 360M. We
note that, while the 2σvbc with cooling simulation is
presented in Chiou et al. (2019), here we focus on the
comparison between cooling and not cooling and with
and without the stream velocity.
Overall we present here a total of 3 simulation results
at z = 20, with and without cooling, and with and with-
out stream velocity, with the aforementioned parameters
3. A summary of the simulations performed is given in
Table 1. The naming convention is as follows. 0 or 2
represents vbc = 0, 2 σvbc and ‘Cool’ or ‘Uncool’ denote
whether cooling was turned on or switched off.
2.2. Object classification
Following Popa et al. (2016) and Chiou et al. (2018,
2019), we define the following objects in our simula-
tion: DM-Primary/Gas-Secondary (DM/G) and Super-
sonically Induced Gas Objects (SIGO). These objects
come from a Friends-of-Friends (FOF) halo finding al-
gorithm with a linking length of 0.2 times the mean
particle separation. We define the DM/Gs by running
the FOF algorithm first on the DM, and then adding
gas cells in a secondary linking step (Dolag et al. 2009).
1 Note that while all cooling rates include self-shielding corrections,
these do not apply above redshift of 6, and thus do not contribute
for the cooling of the z = 20 objects.
2 We note that the simulations in Chiou et al. (2019) are denoted
here as V0Cool and V2Cool
3 v0Uncool has been the subject of previous studies (Popa et al.
2016; Chiou et al. 2018)
We only consider the DM/G to be all particles within
a sphere of radius of R200 of the center of mass the
FOF group with the further constraints that that they
contain over 300 DM particles and over 100 gas cells.
SIGOs are gas-only FOF groups whose center of mass is
outside the virial radius of the closest DM/G and have
gas fractions > 40%. SIGOs must contain more than 32
gas cells and are fitted to tight ellipsoids. Notice that
by definition, SIGOs only appear in runs with nonzero
stream velocity.
The SIGOs overdensities are much larger than unity
and thus in the process of collapsing, (as noted in
Popa et al. 2016, Figure 2). We define overdensities
as δ = (ρgas − ρ¯)/ρ¯, where ρgas is the density of the gas
cells composing the SIGO and ρ¯ is the average density
of the Universe. Interestingly we find that the large fil-
aments around the SIGOs have overdensities that are
much larger than unity, as depicted in Figure 1. While
the typical size of a SIGO is about 10− 50 pc, it seems
that in projection already a larger regime (by a factor of
a few) has an overdensity larger than unity, (see Figure
3 for the 3-D overdensity of SIGOs). This is a complex
neighbouring environment, which includes both DM ha-
los (with little to no gas component in them) and SIGOs
in between (as shown in see Figure 2).
In Figure 1, the black circles are projected dark matter
halos in the vicinity of the SIGO. SIGOs tend to be
found in the gas streams between dark matter halos.
All SIGOs are collapsing at z = 20, with the smallest
SIGO having an overdensity of ∼ 400 at z = 20. We
note that Figure 1 shows the results of the simulation
with cooling. We find similar results without cooling.
3. THE RELEVANCE OF COOLING ON SIGOS
PROPERTIES
3.1. Physical properties
It is well established that cooling affects the proper-
ties of DM/G objects (e.g., Katz et al. 1996; Vogels-
berger et al. 2012, 2013; Hartwig et al. 2015) even in the
presence of stream velocity (e.g., Schauer et al. 2017; Dr-
uschke et al. 2019; Schauer et al. 2019). We discuss these
results in Appendix B. In this section, we investigate the
effect of cooling on SIGOs properties such as morphol-
ogy, temperature, density and environment. Most of
the previous investigations of SIGOs were conducted in
simulations with no radiative cooling (Popa et al. 2016;
Chiou et al. 2018). In Chiou et al. (2019) for the first
time, we studied the evolution of SIGOs while including
atomic cooling. Here we examine in details the effect
that cooling has on SIGOs and compare to the no cool-
ing realization. Considering the temperature of SIGOs
in the case of no cooling (v2Uncool), their temperatures
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Figure 1. Projected overdensities of various SIGO environments in v2Cool. SIGOs are located in the center of each panel with
a zoom-in to the center region showed in each subpanel. Notice that in regions at which the SIGOs are nested, large by a factor
of a few, have projected δ > 1, already at z = 20. DM/G are identified by the black circles. In the left and right panels we
detect one SIGO, while the middle panel depicts a “binary” SIGO configuration. Note that in projection the SIGOs seem to
overlap the classical DM/G. However, as shown in Figure 2, these SIGOs are detached from the DM/G.
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Figure 2. SIGOs corresponding to the middle panel in Fig-
ure 1. There are two SIGOs in red and the surrounding
DM/G are in orange. Note the deviation form sphericity as
shown in Popa et al. (2016) and Chiou et al. (2018). To
generated this Figure we ignore ambient particles and only
consider DM and gas particles that are bound to an object.
range from about ∼ 400 K to ∼ 6× 103 K (as shown in
purple, dot-dashed in the bottom left panel in Figure 3).
Thus, since atomic cooling is rather inefficient for tem-
peratures below 104 K, we expect that atomic cooling
will have little to no change on the SIGOs temperature,
as shown in Figure 3 bottom left panel. In fact, be-
cause of this inefficiency of atomic cooling, we further
expect that other SIGO properties, such as overdensity,
prolateness, and number density will be similar between
the case of with and without cooling. Histograms of
these properties are shown in Figure 3 on the top left,
top right, and bottom right respectively. The KS test we
conducted between the two runs found that there was
not enough evidence to conclude that the SIGO proper-
ties came from different distributions at 95% confidence.
The p-values, means, medians, and standard deviations
can be found in the right column of Table 3.1.
The distributions of overdensities (top left panel of
Figure 3) are roughly normal in both runs, and all
SIGOs have greater than 200 overdensity. The top
right panel, depicts the prolateness, defined by: ξ =
Rmax/Rmin, where Rmax (Rmin) is the largest (smallest)
axis of the ellipsoid. While the prolateness is shifted
to slightly higher due to cooling, it is statistically indis-
tinguishable from the non-cooling case. Similarly, the
temperature distribution of SIGOs (bottom left panel)
is shifted to slightly lower values, but again, as expected,
is statistically indistinguishable from the non-cooling
run. Furthermore, cooling does not affect the hydro-
gen number density (bottom right panel). Performing
two-sample KS tests between v2Cool and v2Uncool all
yield p-values > .05, implying that there is not enough
information to reject the null hypothesis at 95% confi-
dence that these two simulations come from the same
property distributions.
We note that in the v2Cool we have removed one out-
lier SIGO that has an overdensity (density) of 1.3 ×
106 M (5.2 × 10−21 g cm−3), mass of 3 × 106 M
and a temperature of 3100K. It is 1.1 kpc away from
the closest DM/G. There is no corresponding massive
SIGO in v2Uncool 4. While massive, this is not unex-
4 The most massive SIGO in the v2Uncool is 1.9×105 M (Chiou
et al. 2019; Popa et al. 2016)
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Figure 3. Histograms of SIGO properties in v2Cool (purple, dashed) and v2Uncool (pink, dot-dashed). Cooling does not
dramatically affect SIGO properties. We consider the overdensity, δ = (ρgas − ρ¯)/ρ¯, top left panel, the prolateness, (ξ =
Rmax/Rmin), top right, the temperature bottom left, and lastly we show the number densities in the botom right.
pected. Naoz & Narayan (2014) found an upper limit
for a 2σ density fluctuation to be ∼ 106M. We further
explore this object in Appendix A.
To illustrate further the consistency between the
v2Cool and v2Uncool, we consider three representative
examples of SIGOs in Figure 4, with and without cool-
ing (bottom and top panels, respectively). As can be
seen in the Figure, the morphology, the environment as
well as the turbulent velocity field in the inner region of
the SIGOs seems consistent between the two scenarios.
This turbulent energy, driven by the supersonic stream
velocity, must be overcome for star formation to occur.
We note that the left panels correspond to the same
SIGO between runs. In this Figure we zoom in to the
innermost 1 kpc part of the SIGO as shown in the inset
of each panel. SIGOs in these simulations are highly
nonlinear and dense objects, with a mean overdensity
in v2Cool and v2Uncool of 657 and 690 and nH of 1.52
cm−3 and 1.60 cm−3 (see Table 3.1).
Given that the morphologies and attributes remain
similar with and without cooling, it stands to reason
that atomic cooling may not significantly affect the star
forming ability of SIGOs. Further inclusion of molecular
hydrogen cooling should only increase the star formation
potential.
3.2. The Effect of Cooling on Star Formation in
SIGOs
Star formation requires the gas within a DM/G or
SIGO to be very cold and dense so that it can collapse
gravitationally. In a previous paper (Chiou et al. 2019),
the cooling simulations that we ran did not explicitly
follow star formation. To study the star forming prop-
erties, we used a simple stability argument similar to the
Jeans criteria. However, due to the supersonic nature of
the stream velocity, turbulence must also be considered.
Equating the Jeans length with the sonic length (i.e., the
length scale at which gas transitions from supersonic to
subsonic), Krumholz & McKee (2005) defined a critical
density for collapse, ρcrit. This critical density is given
as
ρcrit =
pic2sM4
GL2
, (1)
where cs is the sound speed, M is the Mach number, G
is the gravitational constant and L is the scale at which
turbulence is driven, and as demonstrated visually in
Figure 4, it coincides with the diameter of the SIGO
along the longest axis. This critical density represents
the balance between gravity and turbulent/thermal ki-
netic energy (in the absence of magnetic fields), above
which the gas in the object will become unstable to col-
lapse and the object will likely form stars. Burkhart
(2018) related this critical density to the transition be-
tween a turbulent density distribution and one that is
experiencing gravitational collapse and hence it is a nat-
ural consequence of the continuity of the density distri-
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Figure 4. Column densities of a SIGO and its surrounding environment. A slice of the velocity field is also shown. Gas is
accreting onto the SIGO. The top row contains SIGOs from the v2Uncool run and the bottom contains three from the v2Cool
run.
v2Cool v2Uncool KS p-value
mean median σ mean median σ
δ 657 660 197 690 670 200 0.58
ξ 8.33 7.23 4.30 9.47 7.81 8.79 0.50
T (K) 1429 1064 1127 1696 1421 1370 0.17
nH (cm
−3) 1.52 1.53 0.46 1.60 1.53 0.46 0.58
Table 2. Table of summary statistics of SIGOs for v2Cool. We use a two sample Kolmogorov Smirnov (KS) test to compare the
distributions of the SIGO parameters in v2Cool and v2Uncool. Cooling does not significantly alter the distributions of SIGO
properties. We note that in this statistics we dropped one major SIGO outlier, and we discuss its properties in appendix A.
bution function (see also Girichidis et al. 2014; Burkhart
& Mocz 2019; Guszejnov et al. 2018). Here we use this
critical density as an indicator of star formation.
In Chiou et al. (2019) we have shown that SIGOs are
ripe sites for start formation. Notably, 88% of the SIGOs
were star forming in the cooling simulations performed
there (v2Cool). This is comparable to the v2Uncool run
in which 91% of SIGOs were star forming. Moreover,
while classical small scale structures in the early Uni-
verse, i.e., DM/G, are less likely to form stars, SIGOs’
critical density typically is much higher than unity (as
shown in Chiou et al. 2019, Figure 2). In Figure 5,
we show the cooling runs overlayed with the no cooling
results in grey. The the DM/G and SIGO points are
colored by their gas fractions. As expected, the cool-
ing tends to lower the average temperatures to below
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Figure 5. Temperature of objects as a function of as a func-
tion of ρ/ρcrit at z = 20 with stream velocity. All objects
to the right of the red line are star forming (see Chiou et al.
(2019). The gray points are from v2Uncool, whereas the col-
ored points are from v2Cool. DM/Gs and SIGOs are colored
by gas fraction. The temperatures decrease a bit due to cool-
ing, however the overall shape of the distributions stay the
same indicating that gravity is dominating.
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Figure 6. Histogram of temperatures of DM/Gs in v2Cool
(purple, dashed) and v2Uncool (pink, dot-dashed). Atomic
cooling is effective for temperatures greater than about
104 K, hence there are no DM/G in v2Cool that have greater
than this temperature.
104 K of DM/G as expected Figure 6, but the SIGOs’
temperatures are not significantly affected.
As can be seen in Figure 5, a few SIGOs in v2Uncool
(grey stars at the left top corner - left to the red vertical
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Figure 7. Ratio of cold gas mass to halo gas mass as a
function of halo mass. Here we define a cold gas cell to
have a temperature of < 500K. The top panel corresponds
to v2Cool and the bottom panel corresponds to v0Cool. 29%
of DM/G and 43% of SIGOs contain cold gas. In no stream
velocity case, 24% of DM/G contain cold gas. The points are
colored by the gas density of the object. The gray points in
the top panel correspond to the v0Cool points in the bottom
panel.
line), have a temperature about 104 K. SIGO counter-
parts in the v2Cool run indeed cooled via atomic cool-
ing, reduced their temperatures and slightly increased
their densities and hence are not present above 104 K.
But we note that these SIGOs are not expected to form
stars, unlike the majority of the SIGOs (to the right of
the red vertical line). Cooling does not significantly af-
fect the scatter of SIGOs in the temperature - density
plane. Although the SIGOs in v2Uncool seem achieve in
general higher densities, it is not statistically significant
(as shown in table 3.1). However, the scatter remains
similar suggesting that gravity is the dominating mech-
anism for the onset of star formation in SIGOs (not so
dissimilar to modern star formation (e.g., Burkhart &
Mocz 2019)).
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In the literature, the fraction of the cold gas in an
object compared to the total gas fraction is often used
as a tracer to star formation (e.g., Wang et al. 2017;
Davis et al. 2019; Schauer et al. 2019). Here, we define
a cold gas cell to be one with a temperature < 500 K
and define as a cold object a structure that contains at
least one cold gas cell following Schauer et al. (2019).
In Figure 7, we plot the cold gas fraction, fcold =
Mcold/(Mgas + MDM) = Mcold/Mtot, as a function of
total mass of the object for v2Cool and v0Cool in the
top and bottom panels. The points are colored by gas
density. We find that 29% of DM/G and 43% of SIGOs
contain cold gas in v2Cool. In v0Cool, only 24% of
DM/G contain cold gas (and of course no SIGOs are
present).
A clear feature for the zero stream velocity cooling
run (v0Cool) is an increasing trend of cold mass fraction
for masses Mtot ≥ 107M. This kink corresponds to a
virial temperature of about 104 K. Above this tempera-
ture, atomic cooling dominates (Barkana & Loeb 2001).
The stream velocity generally increases the scatter in the
cold gas fraction in the DM/G. This is expected as the
stream velocity acts as an additional pressure, enhanc-
ing collisions and diffusing the kink-feature at 107M.
The SIGOs have overall higher cold gas fraction than
the DM/G. Furthermore, as empathized in Figure 4,
SIGOs generally have lower temperature and high gas
densities compared to their DM/G counterparts. Thus,
it is not surprising that they present a high cold mass
fraction (as depicted in Figure 7, top panel).
4. SUMMARY AND CONCLUSIONS
We have investigated the nature of Supersonically
Induced Gas Objects (SIGOs) under the influence of
atomic cooling in cosmological simulations. In previous
simulations (e.g., Popa et al. 2016; Chiou et al. 2018)
with only adiabatic cooling due to the expansion the
Universe, SIGOs were shown the be gas-rich ellipsoidal
objects residing outside of dark matter halos. SIGOs
at z = 20 generally have overdensities well above 200
indicating collapse.
We find that cooling does not dramatically alter the
SIGO environment, though it does contribute to a more
diffuse IGM, as shown in the density projections exam-
ples in Figure 4. We find that are no ≥ 3 neighboring
SIGOs within ∼ 2 ckpc3 box. However, rarely we find
2 neighboring SIGOs (see Figure 2). As was noted in
Chiou et al. (2019), SIGOs live in highly turbulent envi-
ronments (e.g., Figure 4) which assist with star forma-
tion.
SIGOs form in the very early universe, where the gas
is pristine, before high abundance of molecular hydrogen
formed, therefore we consider the effects of atomic cool-
ing. However, atomic cooling is inefficient below 104 K,
thus since SIGOs’ temperatures due to adiabatic cooling
is generally lower than 104 K we expect only a marginal
effect of this cooling channel on SIGOs temperatures
(see Figure 5). Similarly, the overdensities, prolateness,
and hydrogen number densities are not substantially af-
fected, as shown in Figure 3. The physics behind the
SIGOs properties is thus, mostly determined by gravi-
tational collapse and the stream velocity.
The combination of high densities and low tempera-
tures yield promising nurturing ground for star forma-
tion for the SIGOs, as illustrated in Figure 5 and in
Chiou et al. (2019). The classical objects, (DM/G) on
the other hand, not only have lower gas fractions due
to the stream velocity effect, but also have a too high
temperature (T ∼ 103 − 104 K) to have efficient star
formation. We speculate that molecular hydrogen cool-
ing will further decrease the temperatures and clump
SIGOs in a more pronounced way to produce more fa-
vorable sites for star formation which will be discussed
in a future paper.
SIGOs have been purported as a novel formation chan-
nel for globular clusters (Naoz & Narayan 2014; Chiou
et al. 2019). Here we showed that atomic cooling ef-
fects are negligible and the main contributor to SIGOs
physical properties (such as temperature, density, etc.)
is the underlining early Universe evolution (as described
in Naoz & Narayan 2014). Thus, semi-analytical studies
can capture the essence of SIGOs as star-forming sites
reliably. Nonetheless, additional physical processes in
simulation, such as molecular cooling, star formation,
and feedback, will allow for more accurate modeling of
these possible progenitors. As the James Webb Space
Telescope comes online, future observations will further
investigate the link between SIGOs and globular clus-
ters.
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Figure 8. The largest SIGO (red) in v2Cool with mass Mtot ∼ 3 × 106 M Surrounding DM/G are in orange. The largest
DM/G shown here is the second most massive in the simulation. The SIGO is 1.1 kpc from the closest DM halo.
APPENDIX
A. THE BIGGEST SIGO
In this section we discuss the properties of the outlier SIGO in v2Cool shown in Figure 8. The SIGO (in red) is 1.1 kpc
away from the closest DM/G, clearly out of the virial radius. Surrounding DM/G are shown in orange. The largest
DM/G displayed here is the second largest in the simulation. This SIGO was the most dense (5.2 × 10−21 g cm−3)
and massive (3× 106 M) SIGO found in v2Cool, an order of magnitude more massive than the most massive found
in V2Uncool (which was 1.9× 105M). It was also an order of magnitude more massive than the next most massive
SIGO in v2Cool. The temperature was 3100 K.
Using linear theory, Naoz & Narayan (2014) showed that a 2σ overdense patch could form SIGOs as big as ∼ 106M.
Although there is no corresponding object in v2Uncool, we conjecture that this object is a result of Poisson statistics
(small number statistics, of such a large object in a small box) and not a result of cooling.
B. DM/G
In this section we briefly reproduce several aspects of the effects of cooling on classical DM halos such as density
projections and temperature distributions.
Several gas density projections of DM/Gs are shown in Figure 9. The top panels are from the v2Uncool run and the
bottom are from v2Cool run. The circles represent the virial radius of the DM/G. The white arrows are velocity maps
showing accretion onto the DM/G. The left DM/G is the most massive DM/G in each simulation and has similar
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Figure 9. Column densities of a DM/G and its surrounding environment. A slice of the velocity field is also shown. Gas is
accreting onto the DM/G. The top row contains DM/Gs from the v2Uncool run and the bottom contains three from the v2Cool
run. The black circle indicates R200 of the DM/G.
large scale features. The cooling serves to compactify the DM/G as expected. The outer environments of the DM/G
are less dense overall due to the gas condensing on the halo. The velocity field within the DM/Gs is more turbulent
in the v2Uncool run since in general the DM/Gs in v2Cool have lower average temperature.
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